Introduction
InGaAs/AlAs/AlAsSb coupled double quantum wells (CDQWs) grown on InP substrates are of considerable interest owing to their potential for use in ultrafast all-optical signal processing, for example, in all-optical switching [1] and wavelength conversion [2] . Because this material system can realize intersubband transitions (ISBTs) of 0.8 eV in the conduction band. Owing to the short carrier scattering time of ISBTs, these CDQWs can be used in ultrafast switching applications in which the switching speed is less than 1 − 2 ps. In this CDQWs, we have found interesting feature that absorption-immune transverse electric (TE) mode light was phase modulated by ISBT excitation [2] . This cross-phase modulation (XPM) is quite interesting since TE mode light does not suffer from large attenuation due to ISBTs. It is well known that phase modulation can be converted into intensity modulation by using an interferometer. Therefore, XPM can be employed in lossless ultrafast alloptical switches. In addition, phase modulation can realize a variety of functions such as wavelength conversion and phase-shift keying modulations. Therefore, the XPM occurred in CDQWs is very useful for ultrafast applications. However, XPM efficiency is still insufficient for the use of CDQWs in practical devices. In order to increase the XPM efficiency, the interband transition (IBT) wavelength has to be tuned close to 1550 nm [3, 4] . Since the ISBT wavelength has to be tuned to 1550 nm, it is difficult to separately tune the IBT wavelength. CDQWs with Al 0.5 Ga 0.5 As central barrier have been studied in order to solve this problem [4] . The Al 0.5 Ga 0.5 As center barrier aids in increasing the coupling strength between two wells and in achieving strain compensation for narrow band gap wells of In x Ga 1−x As (x > 0.53). This feature can be used to separately control the IBT and ISBT wavelengths [4] . In this study, the separate control of the IBT and ISBT wavelengths was investigated by changing only the Al composition of the Al y Ga 1−y As center barrier of CDQWs.
Experimental Procedure
The CDQWs were grown by molecular beam epitaxy (MBE) system at 460
• C. The thickness of the Al y Ga 1−y As center barrier was fixed to 2 monolayers (MLs), and the Al composition y was varied between 0.3 and 0.5. The width and In composition x of the In x Ga 1−x As wells were set to 3.0 nm and 0.8, respectively. In order to obtain abrupt interfaces, 2 MLs of AlAs were inserted at the interfaces between the In 0.8 Ga 0.2 As well and the AlAs 0.56 Sb 0.44 barrier. 60 periods of CDQWs were formed on InP substrates to achieve sufficient optical absorption. Finally, a thin InAlAs cap layer was grown on the top of the CDQWs. The composition of Al y Ga 1−y As, AlAs 0.56 Sb 0.44 , and In 0.8 Ga 0.2 As was determined by high-resolution X-ray diffraction measurements. The schematic structure of the CDQWs is shown in Fig. 1 . The CDQWs with un-doped wells were used for evaluating IBT since un-doped wells can reveal intrinsic IBT. The CDQWs with heavily Si-doped wells were used for evaluating ISBT. Because the optical absorption edge of the intrinsic IBT was close to that of ISBT, the IBT wavelength of the CDQWs with heavily Si-doped wells shifted toward shorter wavelengths due to the band-filling effect of carriers. The optical absorption due to the IBT and ISBT was measured by using a Fourier transform infrared (FTIR) spectrometer. For the investigation of the IBT, light was radiated on the CDQW samples in a direction normal to the surface. On the other hand, a multipass waveguide geometry with 45
• polished mirror facets was used for the investigation of the ISBT. Fig. 2 shows the optical absorption spectra of ISBT in CDQWs with heavily Si-doped wells. Two peaks were clearly observed at around 1550 nm and over 3000 nm. The former peak was attributed to the ISBT between the 1st and 4th subbands (ISBT 1−4 ) . This indicates that, the CDQW samples can be operated at optical communication wavelength. On the other hand, the latter peak was attributed to ISBT 2−3 . A schematic illustration of these transitions is also shown in Fig. 1 .
Results and Discussion
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Wavelength (nm) When the Al composition y was decreased from 0.5 to 0.3, the coupling strength between the In 0.8 Ga 0.2 As wells increased due to the decrease in conduction band offset between In 0.8 Ga 0.2 As and Al y Ga 1−y As. This large coupling strength resulted in a small energy separation between the 2nd and the 3rd subbands [4, 5] . When the conduction band offset was low, the dipole moment of ISBT 2−3 increased. This dipole moment resulted in stronger optical absorption due to ISBT 2−3 in the CDQWs with smaller Al composition y.
The optical absorption spectra of the IBT in the CDQWs with un-doped wells are shown in Fig. 3 . All samples exhibited clear shoulder peaks between 1400 and 1450 nm that were attributed to the IBT between the 1st quantized energies of conduction and heavy hole bands (e1-HH1). By studying the absorption edge of e1-HH1, it was found that their wavelengths were red-shifted from around 1450 nm to over 1500 nm, when the Al composition y was decreased. These ISBT (Fig. 2) and IBT (Fig. 3) features revealed that the IBT and ISBT wavelengths can be separately controlled by changing the Al composition y. In addition, a well-known method was used to change the In composition x and the well width for separately controlling the wavelengths. Thus the XPM efficiency of the CDQWs used in this study could be improved; the experimental results will be reported in a separate paper. 
Conclusion
In 0.8 Ga 0.2 As/Al y Ga 1−y As/AlAs 0.56 Sb 0.44 (y = 0.3 ∼ 0.5) CDQWs were studied in order to examine the possibility of the separate control of the IBT and ISBT wavelengths by changing only the Al composition y. The measurements of the optical absorption due to the IBT and ISBT revealed a red shift in the IBT wavelength and almost constant ISBT wavelength. Therefore, the CDQWs used in this study could exhibit higher XPM efficiency than the CDQWs used in previous studies because of the Al composition y dependence of the IBT and ISBT wavelengths.
